P VP Al 4083) was purchased from Heraeus Holding GmbH. Methylammonium iodide (MAI) was obtained from Dyesol Ltd and 1-Material Inc. [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) was bought from Nano-C Inc. Other materials, including low quality lead (II) iodide (PbI 2 powder, 99% purity), high quality lead (II) iodide (highly purified PbI 2 crystals, 99.999% purity), dimethyl sulfoxide (DMSO, anhydrous, ≥99.9% purity), γ-butyrolactone (GBL, ≥99% purity), rhodamine 101, LiF (≥99% purity), chlorobenzene (anhydrous, 99.8% purity) and isopropanol (IPA), (anhydrous, 99.5% purity), were supplied by Sigma-Aldrich.
Fabrication and characterization of perovsktie solar cells.
Planar PSCs were fabricated on pre-patterned ITO glass substrates (around 2×2.5 cm 2 in size,
10 Ω per square). The patterned ITO glass substrates were sequentially ultrasonic cleaned with detergent, de-ionized water, acetone, isopropyl alcohol for 20 min, respectively. The 
Material characterization.
The UV-visible absorption spectra were measured on a Perkin-Elmer Lambda 950 spectrophotometer. Photoluminescence spectra were collected on an Edinburgh Instruments FLS920 spectrofluorometer, the excitation wavelength was 630 nm. Scanning electron microscopy (SEM) images were obtained on a JSM-7800F SEM. 
